Findings from previous studies of cutaneous human papillomavirus (cuHPV) infection and keratinocyte carcinomas have varied due to several factors, including use of different sample types for cuHPV DNA detection. Elucidating the relationship between cuHPV infection in eyebrow hairs (EBHs) and skin swabs (SSWs) is critical for advancing the design of future studies.
Nonmelanoma skin cancer (NMSC), comprised primarily of basal cell carcinoma (BCC) and squamous cell carcinoma (SCC), is the most common type of cancer diagnosed worldwide [1] . The high burden of NMSC highlights the critical need to investigate NMSC risk factors and to develop novel prevention strategies. Infections with cutaneous human papillomaviruses (HPVs) and human polyomaviruses (HPyVs) have been hypothesized to play a role in the etiology of NMSC, including cutaneous SCC [2] [3] [4] and BCC [5] . Epidemiologic studies previously conducted to investigate these associations have been primarily retrospective in design, including case-control and cross-sectional studies measuring HPV DNA in eyebrow hairs (EBHs) [6] [7] [8] [9] [10] [11] [12] [13] or circulating serum antibodies [8] [9] [10] [13] [14] [15] [16] [17] [18] [19] [20] . The skin cancer risk estimates reported across these studies vary greatly due to the types of samples used to detect viral infection, the number of viral types tested, and the populations studied [4, 6, [13] [14] [15] [16] [17] . Furthermore, a majority of these studies used serum antibodies to detect viral infection, and given that cutaneous HPV infections have been reported to occur very early in life [21] , serum antibodies are unable to provide information as to the timing of infection. DNA-based detection methods provide information on current infection; however, sampling only 1 anatomic site, such as EBH, may not be sufficient to detect cutaneous viral infections that may be present throughout the skin.
Some epidemiological studies have also used skin swabs (SSWs) to measure current cutaneous HPV infection [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] . For example, Forslund et al reported a higher SSW prevalence of HPV in patients with SCC than in patients with solar keratosis lesions [26] . To the best of our knowledge, no studies have examined the association between NMSC and cutaneous viral infections using both SSWs and EBHs. A better understanding of the correlation between these 2 measures of current infection are needed to advance the design of future epidemiologic studies aimed to assess cutaneous viral infections as predictors of future NMSC development. To investigate the correlation between cutaneous HPV/HPyV infection in SSWs and EBHs, we conducted a cross-sectional analysis of baseline samples obtained from skin cancer screening patients who were enrolled in the first year of the Viruses in Skin Cancer (VIRUSCAN) Study-an ongoing, prospective cohort study of cutaneous viral infections, ultraviolet radiation exposure, and NMSC.
METHODS

Study Design and Population
Patients undergoing skin cancer screening examinations at the University of South Florida (USF) Dermatology Clinic were eligible to enroll in the VIRUSCAN Study if they were aged >60 years and had not had both a previous SCC and BCC. Research coordinators identified potentially eligible patients undergoing total body screening examinations using scheduling records and cross-referenced medical records to verify study eligibility. All eligible patients were approached for the study (n = 917 between 15 July 2014 and 14 July 2015), of whom 448 (49%) agreed to participate. No significant differences were observed between patients who consented vs those who declined with respect to sex (55% female vs 57% male; P = .17) or age (mean = 69.4 vs 70.4 years; P = .16). On the day of their study enrollment, patients underwent a full body skin cancer screening examination, and all suspicious lesions were biopsied as part of routine clinical care. Patients with a biopsy positive for NMSC as documented on pathology reports were considered to be a prevalent NMSC case at baseline (n = 27 of the 448 patients enrolled in year 1) and were excluded from the analysis. Of the 421 patients without prevalent NMSC, 370 had a viable SSW and EBH with adequate levels of DNA for the assessment of cutaneous viral infection, as described below. All study methods were approved by the USF Institutional Review Board.
Data Collection
Patients completed an electronic, self-administered questionnaire at the time of study enrollment, providing information on demographics, lifestyle factors, sun susceptibility factors, and other skin cancer risk factors.
Biospecimen Collection
SSWs and EBHs were obtained from study participants at baseline. To obtain SSWs, an area of the top of the sun-exposed forearm, measuring approximately 5 × 5 cm, was sprayed with 0.9% saline solution. A cotton-tipped Dacron swab (Digene, Gaithersburg, MD) was then rubbed back and forth a few times to collect exfoliated skin cells. Individual SSWs were placed in a separate vial, preserved in Digene standard transport medium, and stored at 4°C until further processing. Three to 4 EBHs were plucked from each eyebrow using disposable tweezers. EBHs with attached follicles were snap-frozen in liquid nitrogen and stored at -80°C until further processing.
Viral DNA Measurement
For the present analysis, EBHs and SSWs obtained from patients enrolled in year 1 were shipped on dry ice and cold packs, respectively, to Dr Massimo Tommasino's laboratory at the International Agency for Research on Cancer in Lyon, France. DNA was performed using the Qiagen BioRobot EZ1 Advanced XL. The EZ1 DSP Virus Kit was used to extract the DNA from SSWs, and the EZ1 DNA Investigator Kit was used to extract the DNA from EBHs according to the manufacturer's instructions (Qiagen, Hilden, Germany). Using a multiplex polymerase chain reaction (PCR) assay, viral DNA was measured, corresponding to 46 β-HPV types (species 1 [types 5, 8, 12, 14, 19, 20, 21, 24, 25, 36, 47, Viral DNA detection was performed by multiplex PCR using approximately 20-40 ng of total DNA and specific primers amplifying a part of E7 gene for HPV types or the N-terminal part of the large T-antigen gene for HPyV, as previously described [3, [32] [33] [34] [35] . PCR assays were performed with the Qiagen multiplex PCR kit according to the manufacturer's instructions. This multiplex PCR protocol is highly sensitive, being able to detect only 10 copies of the viral genome [32, 36] . Two primers for the amplification of β-globin were included as a positive control for template DNA quality. SSWs and EBHs were considered to be viable samples if they amplified β-globin on at least 2 of the 4 PCR assays conducted.
Following PCR amplification, 10 µL of each reaction were analyzed by multiplex genotyping using a Luminex-based assay as described in detail previously [35, 37] . In brief, PCR products were denatured and hybridized to the bead-coupled probes in 96-well plates. After transfer into wash plates with filter bottoms, unhybridized DNA was removed. Subsequently, biotinylated PCR products were stained by Strep-PE conjugate. After further washing steps, beads were analyzed in the Luminex reader, containing 2 lasers to identify the bead set by the internal bead color to quantify the reporter fluorescence. Results were expressed as the median fluorescence intensity (MFI) of at least 100 beads per bead set. For each probe, MFI values with no respective PCR product added to the hybridization mixture were considered background values. The cutoff was computed by adding 5 MFI to 1.1 times the median background value. Cloned HPV genomes have been used to evaluate specificity, and no cross-reactivity was observed.
Statistical Analysis
The prevalence of viral infections was defined as the proportion of patients whose sample was positive for viral DNA. Prevalence was calculated separately for SSWs and EBHs. Patients who had no viral DNA in their SSW and EBHs were considered to be negative for both, and those with viral DNA in both their SSW and EBHs were considered to be positive for both. Analyses were conducted for each virus type measured, as well as for all β-HPV types (overall and by β species), all γ-HPV types combined, and all HPyVs combined.
Robust linear regression was used to determine the type-specific correlation between cutaneous HPV proportions seen uniquely in SSWs and EBHs [38] . A square-root scale was used for both the dependent and independent variables, as this rendered the variability around the regression line essentially homogeneous. Statistical significance of the difference in the magnitude of the correlation for β-HPV vs γ-HPV types was tested using robust linear regression with an interaction term for the HPV infection rate and HPV genus. Additionally, for each HPV type, median SSW MFI values were plotted against those of the EBH, stratified by genus and species. Type-specific associations between median MFI values across the 2 anatomic sites were calculated using Spearman correlation coefficient, stratified by genus. The associations between numbers of HPV types infected across the 2 anatomic sites were examined using Spearman correlation coefficient.
Logistic regression was used to determine how well the degree of HPV infection in SSWs (measured using the MFI values) predicted the presence of HPV infection in EBHs. Among those patients who had cutaneous HPV in both SSWs and EBHs, robust linear regression was used to determine how well the degree of HPV infection in SSWs predicted the degree of HPV infection in EBHs (both measured using MFI values).
RESULTS
Baseline characteristics of the VIRUSCAN participants enrolled in year 1 of the cohort study are described in Table 1 . The mean age of the cohort was 69.5 years, and 51% of the participants were female. Most of the patients were non-Hispanic white. Slightly less than half (49%) of the patients were ever smokers, with 30% reporting having had a past job working in the sun. Three-quarters (74%) of the patients reported ever having a blistering sunburn, while approximately one-quarter (23%) reported ever having used a sun lamp or tanning bed.
A majority of the patients (63%) had never had any type of skin cancer. Approximately one-quarter (24%) of the patients had a history of cancer other than skin cancer.
Prevalence of all cutaneous viral infections in SSWs and EBHs is presented in Table 2 . Overall, prevalence of viral infections was greater in SSWs than EBHs. DNA corresponding to at least 1 cutaneous β-HPV type was detected in the SSW of 92% of patients, whereas cutaneous β-HPV DNA was detected in 73% of EBHs. Any cutaneous β-HPV infection was detected Figure 1 . EBH-only HPV DNA proportions were, on average, 10.3% of that observed only in the SSW for β types, and 5.6% of that observed only in the SSW for γ types, with the difference between β and γ genera being statistically significant (robust regression on the square-root scale; P = .01, data not shown). All HPV types followed this pattern (Figure 1) . Interestingly, the degree of type-specific HPV infection, as approximated using the semi-quantitative MFI values measured by PCR, was strongly correlated between SSWs and EBHs for both β-HPV types (correlation coefficient = 0.82, P < .0001) and γ-HPV types (correlation coefficient = 0.94, P < .0001) (Figure 2 Analyses were also conducted at the level of infection, with the number of possible infections totaling 17 020 for β-HPV (370 patients × 46 β-HPV types) and 19 240 for γ-HPV (370 patients × 52 γ types). Of all β-and γ-HPV types, 849 β types (5.0%) and 228 γ types (1.2%) were present in both SSWs and EBHs. When the EBH was positive for a given β-HPV type, the SSW was positive for that same type 80.9% of the time. When the EBH was positive for a given γ HPV type, the SSW was positive for that same type 71.7% of the time. By sharp contrast, when the SSW was positive for a given β-HPV type, the EBH was positive for that same type only 34.5% of the time. When the SSW was positive for a given γ-HPV type, the EBH was positive for that same type only 18.1% of the time. With each 10-fold increase in MFI values in the SSW, the probability of β-HPV infection in the EBH also increased, corresponding to an odds ratio (OR) of 2.26 (95% confidence interval [CI], 1.96-2.61); this demonstrates a very strong connection in HPV infectivity between the 2 sites (Supplementary Figure 1A) . Similarly, the probability of γ HPV infection in the EBHs increased with each unit increase in γ HPV MFI values in the SSW, although the magnitude of the association was lower (OR, 1.71 [95% CI, 1.36-2.16]; Supplementary Figure 1B) . When an infection was present in both SSWs and EBHs, the MFI values were strongly correlated across the 2 sample types for both β types and γ types (correlation coefficient = 0.91, P < .0001) and γ types (correlation coefficient = 0.89, P < .0001) (Figure 3) .
DISCUSSION
This is the first epidemiological study to assess cutaneous viral infection across 2 anatomic sites including a large number of Type-specific results with a SSW prevalence of at least 20% are indicated in bold.
Abbreviations: EBH, eyebrow hair; HPV, human papillomavirus; HPyV, human polyomavirus; MCV, Merkel cell polyomavirus; SSW, skin swab; TSV, trichodysplasia spinulosa polyomavirus. HPV types in β-and γ-HPV, as well as several HPyVs. Overall, cutaneous HPV and HPyV infections were highly prevalent in both SSW and EBH samples, with a higher prevalence observed in SSWs and strong correlations observed between the 2 tissue types for the presence of a particular virus, the number of viral types present, and the degree of infection approximated using MFI. The correlations were generally stronger for β-HPV types, with 71% of the study population presenting with β-HPV infection in both their SSW and EBHs. Our finding of a strong correlation between β-HPV infection in SSWs and EBHs is consistent with smaller, previous studies, including a case series of 20 NMSC patients [24] , a case-control study of 20 psoriasis patients and 20 controls [39] , and a cross-sectional study of 123 healthy men [25] . Of note, no previous studies have examined the correlation between cutaneous γ-HPV and HPyV infections across tissue types within individuals. Type-specific correlation between cutaneous human papillomavirus (HPV) proportions in skin swabs only and eyebrow hairs only among 370 skin cancer screening patients enrolled in year 1 of the Viruses in Skin Cancer (VIRUSCAN) Study. Proportion of patients positive for specific cutaneous HPV types in skin swabs and negative in eyebrow hairs (x-axis) were highly predictive of the proportion of patients positive in eyebrow hairs and negative in skin swabs (y-axis) for both β-HPV types (A) and γ-HPV types (B). Abbreviations: EBH, eyebrow hairs; SSW, skin swabs.
The high prevalence and number of types of cutaneous HPV and HPyV infections present in the skin support the notion that these viruses are ubiquitous. Nonetheless, experimental models have demonstrated oncogenic properties of the proteins encoded for by both cutaneous HPV [2, 40] and MCV [41] . Furthermore, previous epidemiologic studies have observed keratinocyte carcinomas to be positively associated with cutaneous HPV or MCV measured in SSWs [26] or EBHs [7, 12, 42] , although other studies have observed no associations using EBH [6, 8] . Null associations could indicate that these infections play no role in the etiology of keratinocyte carcinomas. Alternatively, null associations could result from measurement error, as the presence of the virus at a single anatomic site may not be a specific enough marker of a potentially oncogenic infection.
The lower prevalence and type-specific correlation of infection across sites observed for γ-HPV relative to β-HPV types may reflect the γ types' diminished ability to infect epithelial cells. While tropism is likely a function of viral gene expression and immune microenvironment [43] , the fact that both β-and γ-HPV were measured in the same samples suggests the difference in prevalence is due to differential viral gene expression across genera. Viral gene expression may also explain the differences in pathogenicity, in that β types have been more consistently associated with keratinocyte carcinomas [2, 4, 5, 19] than have γ types [5, 18, 44, 45] . Notably, only about half of known γ-HPV types were tested in this study.
One striking finding from the present study is that, while the prevalence of infection at the EBH was lower than the SSW, most of the HPV and MCV infections detected in the EBH were also detected in the SSW (81% β-HPV, 72% γ-HPV, and 88% MCV). There are several possible explanations for this difference in prevalence across sites. β-HPV prevalence has been shown to correlate with the amount of input DNA into the PCR assay [46] ; however, the HPV genotyping assay is very sensitive (10 copies of viral genome) and the amount of DNA available from EBHs was greater than from SSWs. Alternatively, this finding of higher prevalence in the SSWs vs the EBHs may reflect a pattern of infection, whereby an individual acquires cutaneous HPV or HPyV infection at anatomic locations coming into greater contact with other humans and fomites (ie hands, arms), with the infection subsequently propagating throughout the epithelium or transferred through autoinoculation [47] to the EBHs. A third explanation relates to the virus life cycle, whereby HPV infects epithelial basal cells and epithelial tissue stem cells, establishing a latent infection that can subsequently reactivate [43] . EBH follicles are known cutaneous stem cell reservoirs particularly susceptible to viral infection, given the lack of a highly structured epithelial barrier [43] . Therefore, EBH measures of viral DNA prevalence are enriched for slow-cycling, epithelial stem cells, whereas SSWs represent a mixture of recently infected epithelial cells and shedding cells in which the infection was reactivated from latency. This difference in the cellular composition of samples may account for Correlation between levels of cutaneous human papillomavirus (HPV) infection in skin swabs and eyebrow hairs among skin cancer screening participants in the Viruses in Skin Cancer (VIRUSCAN) Study who had the same HPV infection in both skin swabs and eyebrow hairs. Results from robust linear regression demonstrate that the degree of cutaneous HPV in skin swabs measured in median fluorescence intensity (MFI) units (x-axis) was highly predictive of the degree of infection with the same HPV type in eyebrow hairs, also measured in MFI units (y-axis), for both β-HPV types (A) and γ-HPV types (B). Abbreviation: MFI, median fluorescence intensity.
the relatively higher viral DNA prevalence in SSWs vs EBHs, although the observed correlations in MFI suggest the virus is likely to be actively replicating at both anatomic sites, consistent with the notion that systemic immune dysregulation may influence reactivation of latent cutaneous HPV infection. Similar to HPV, latent HPyV infections are also known to reactivate under conditions of immunosuppression [48] and, as shown in Figure 1 , both MCV and HPyV6 demonstrated relatively high MFI values, correlated across anatomic sites.
The present study is the largest study to report on cutaneous HPV and HPyV infection measured in both SSWs and EBHs obtained from the same individuals. The cross-sectional nature of the analysis does not provide information on the temporal relationship of cutaneous HPV and HPyV infection at different anatomic sites. However, once follow-up is completed, the ongoing, parent VIRUSCAN Study will facilitate the examination of the sequencing of infection, including whether a given virus type presents in the SSW prior to the EBHs (or vice versa).
The longitudinal results will also facilitate the investigation of incident (or recently reactivated) and persistent infections and their relationship to subsequent development of keratinocyte carcinomas. Investigating the presence of cutaneous viral infections across multiple biospecimens obtained from the same individual may improve the ability to differentiate true type-specific disease associations from the background of ubiquitous infection with other types not associated with disease in future epidemiologic studies. Identification of these viruses, if they exist, will be critical for the development of novel NMSC prevention strategies.
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